Abstract. For fluorescence tomographic imaging of small animals, the liver is usually regarded as a low-scattering tissue and is surrounded by adipose, kidneys, and heart, all of which have a high scattering property. This leads to a breakdown of the diffusion equation (DE)-based reconstruction method as well as a heavy computational burden for the simplified spherical harmonics equation (SP N ). Coupling the SP N and DE provides a perfect balance between the imaging accuracy and computational burden. The coupled third-order SP N and DE (CSDE)based reconstruction method is developed for fluorescence tomographic imaging. This is achieved by doubly using the CSDE for the excitation and emission processes of the fluorescence propagation. At the same time, the finite-element method and hybrid multilevel regularization strategy are incorporated in inverse reconstruction. The CSDE-based reconstruction method is first demonstrated with a digital mouse-based liver cancer simulation, which reveals superior performance compared with the SP N and DE-based methods. It is more accurate than the DE-based method and has lesser computational burden than the SP N -based method. The feasibility of the proposed approach in applications of in vivo studies is also illustrated with a liver cancer mouse-based in situ experiment, revealing its potential application in whole-body imaging of small animals. Liver cancer is one of the most common malignancies in the world, leading to more than 600,000 deaths every year. 1 Often detected at a relatively late stage, it is increasingly difficult to cure with the existing therapies. New detection techniques are, therefore, urgently needed for the early detection and diagnosis of this aggressive disease. Fluorescence tomographic imaging (FMT) is a promising imaging modality that has been extensively applied for the early detection of malignant tumors and monitoring therapeutic response. 2, 3 Because FMT can provide three-dimensional (3-D) imaging and assess for the concentration of fluorescent probes inside a living body, 4 it has great potential for the detection of in situ liver cancer. Researchers have devoted their efforts to the application of the FMT technique for the pharmacokinetic analysis and early detection of liver cancer. 5, 6 In these studies, the diffusion equation (DE) was employed to describe the fluorescence propagation and to develop the corresponding reconstruction algorithms. For whole-body animal imaging with visible or near-infrared light, the liver is specified as low-scattering tissue that is surrounded by adipose, kidneys, heart, etc., which have a high-scattering property. 7 As a result, the DE-based FMT reconstruction algorithms are hindered by the validity assumption of DE, that is, that a highly diffuse media is required for guaranteeing its accuracy. The higher-order approximations of the radiative transfer equation have been used for describing fluorescence propagation, but they suffer from heavy computational burden. 8, 9 In the authors' previous study, 10 the coupled third-order simplified spherical harmonics and diffusion equation (CSDE) was developed to describe the light propagation in tissues, which aims to balance the characteristic accuracy with the overall computational burden. In the present study, the CSDE model was extended and applied to the FMT reconstruction and relevant applications for the detection of liver cancer.
Based on the concise form of CSDE deduced in the authors' previous study, 10 the forward model for FMT reconstruction can be constructed by doubly using it in both the excitation and emission processes. In the excitation end, the excitation light source term is replaced by a Dirac delta function δðr − r s Þ with an amplitude of E; in the emission process, the light source term is the fluorescence yield ημ af ðrÞ that is excited by the light flux distribution Φ x of the incident excitation light: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 3 3 8
where subscripts x and m denote the excitation and emission light, respectively; ημ af ðrÞ is the target to be reconstructed and simplified as XðrÞ in the following part; C k;∇Φ 1 ðrÞ, C k;∇Φ 2 ðrÞ, C k;Φ 1 ðrÞ, C k;Φ 2 ðrÞ, and C k;S ðrÞ ðk ¼ 1;2Þ are constant coefficients; 10 Φ x is defined as 8 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 1 8 2
where Φ kx ðk ¼ 1; 2Þ can be calculated from the excitation part of the CSDE-based forward model. Using the finite-element method, a linear relationship between the exiting partial current J m at the outer boundary and the unknown fluorescent yield is established: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 7 3 4 J m ¼ AΦ x X ¼ĀX;
whereĀ ¼ AΦ x is the system matrix for FMT reconstruction.
The FMT reconstruction can be achieved by calculating the fluorescent yield distribution X from boundary measurements J m using Eq. (3). This is a typically ill-posed problem due to the insufficiency of measurements at boundary. The adaptive mesh discretization and regularization strategy have been utilized to ensure its accuracy and stability. Based on the h adaptive FEM (h-FEM), a hybrid and multilevel regularization strategy is adopted to solve the fluorescent yield distribution X from the following optimization function: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 6 0 2X ¼ argmin
whereX is the reconstructed fluorescent yield, J meas m is the measured exiting partial current from the outer boundary, λ pk and λ 2k are the regularization parameters for l p -norm (p ¼ ð0;1) and l 2 -norm regularization terms, respectively, where subscript k represents the k'th level meth, and τ k is the binary function, which is equal to unity when k ¼ 1 and specified as zero for other cases.
For the first-level mesh, the solving domain is discretized into a uniformly coarse mesh. Compared with the whole solving domain, the fluorescent target to be reconstructed has a sparse distribution. The incomplete variables truncated conjugate gradient method for sparse reconstruction is used to solve the solution. 11 This result is regarded as a permissible region for subsequent reconstruction. Using the h-FEM, the permissible region is further discretized to a fine mesh, and a new system equation can be obtained. With respect to the permissible region, the fluorescent target distribution lacks obvious sparsity. Thus, the Landweber regularization is then conducted: 12 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 3 4 5 
The performance of the CSDE based FMT reconstruction is first evaluated with a digital mouse-based simulation. The selected organs and relevant optical properties are listed in Table 1 , where the optical properties for excitation light are calculated at the wavelength of 680 nm, and those for emission light are calculated at the wavelength of 710 nm. 7 A cylinder with a 0.8-mm radius and 1.6-mm height was placed in the liver with its center at (11.9, 6.4, 16.4) mm to simulate the fluorescent target. In the simulation, the fluorescent yield of the fluorescent target was specified as 0.05 mm −1 . Under the excitation at 18 positions in sequence, synthetic surface measurements were calculated on the fine mesh of 132,202 tetrahedrons and 24,906 nodes using the SP 3 model. For each excitation position, the surface light flux was measured on the opposite side with a field of view of 120 deg. Finally, a total of 18 data sets were assembled for the reconstruction of fluorescent yield.
For the inverse reconstruction, the digital mouse model was initially discretized into 15,141 tetrahedrons and 3050 nodes as the coarse-level mesh, and the ultimate mesh refined with the h-FEM has 26,399 tetrahedrons and 5035 nodes. The distribution and concentration of the fluorescent target were reconstructed using the CSDE-based reconstruction method. As the references, the SP 3 and DE were also used to substitute the CSDE model in the reconstruction. 8, 9, 12 Figure 1 illustrates the related reconstructed results of the CSDE, SP 3 , and DEbased reconstruction methods, respectively. The actual position of the fluorescent target is outlined with a red circle and the values of the reconstructed fluorescent yield are shown with the colored bar. We find that almost the same images were recovered with both the CSDE-and SP 3 -based reconstruction methods, which are better than that of the DE-based method. In the reconstructed image using the DE-based approach, the reconstructed elements deviated from the actual position in the way of a scattered distribution. To quantitatively analyze these results, two evaluation factors, including the localization error (LE) and the quantification error (QE), are defined to evaluate the localization and quantification results. The LE is defined as the Euclidean distance between the centers of the reconstructed and actual targets, and the QE denotes the relative error between the reconstructed and actual fluorescent yields. Although the LE obtained with the CSDE-based reconstruction method (0.85 mm) is somewhat worse than the SP 3 -based method (0.73 mm), the difference is only 0.12 mm and is minor compared with the diameter of the target. Moreover, the same fluorescent yield is reconstructed using the CSDE-and SP 3 -based methods (0.0279), with the same QE of 44.2%. Nevertheless, both the localization and quantification results of the CSDEbased reconstruction method are much better than those of the DE-based method. The LE of the DE-based method is 2.07 mm, which has exceeded the size of actual fluorescent target. At the same time, the reconstructed fluorescent yield is overestimated (0.367). In the authors' previous study, 10 it was observed that the CSDE model can save time (with the value varying with the ratio of high-scattering region to the whole domain) compared with the SP 3 method, which reflects in the construction of system matrixĀ. In this simulation, the time costs of the HSDE-, SP 3 − , and DE-based methods for the construction of system matrixĀ are 666.67, 805.19, and 73.86 s, respectively. All of the results are recorded on a personal computer with 2.2 GHz Inter(R) Core(TM) i7-4702 CPU and 8.00 GB RAM. As a result, the CSDE-based method not only provides comparable accuracy in both localization and quantification as the SP 3 -based approach, but also largely reduces its computation time, which would facilitate its wide applications in whole-body small animal imaging. The applicability of the CSDE-based reconstruction method is then illustrated with a liver cancer based in vivo experiment. In the experiment, athymic male BALB/c nude mice, approximately four to five weeks old, were selected as the Xenograft models for the in situ liver cancer animal model. All of the animal procedures were performed in accordance with the guidance of the Institutional Animal Care and Use Committee at Peking University (Permit Number: 2011-0039). After the mice were anesthetized with sodium pentobarbital, a laparotomy was carefully performed on the mice to completely expose the liver. A cell suspension of 50 μl HCC-LM3-fLuc-GFP with the concentration of 1 × 10 3 cells∕μl was injected into the lower left liver lobe. After brief local compression, the dissected skin and abdominal wall were closed with Prolene suture. 6 After anesthetized by inhalation of 2% isoflorane, the mouse was mounted on the animal bed that was located on the rotation stage. By rotating the rotation stage with an equally spaced 90 deg, four views fluorescent images were acquired from mouse surface with a dual-modality FMT-CT system. 6 A 488-nm continuous wave semiconductor laser was utilized as the excitation source to illuminate the mouse surface, and a band pass filter with the central wavelength of 525 nm was used to collect the fluorescent signals. Subsequently, anatomical images were also acquired using the Micro-CT system, which provided the anatomical structure for the FMT reconstruction. After the images were acquired, the mouse was intraperitoneally injected with D-luciferin and then dissected to expose the liver for bioluminescence imaging (BLI). An intense signal can be seen from the lower left hepatic lobe, as shown in Fig. 2(a) .
Prior to reconstruction, the acquired fluorescent images were mapped onto the body surface of the anatomical structure of the mouse with the self-developed light flux mapping method. 13 The segmented organs and the related optical properties for the excitation and emission light, which forms the physical model of digital mouse, are listed in Table 1 . On the basis of the light flux map retrieved on the body surface and the physical model, the location and distribution of inoculated HCC-LM3-fLuc-GFP cells were reconstructed by using the CSDE-based reconstruction method. Figure 2 illustrates the localization results of the HCC-LM3-fLuc-GFP cells. Figure 2(b) shows the 3-D view of the reconstructed result, and Fig. 2(c) gives the local enlarged image at higher magnification of the area of interest within the liver. In the figures, the colored elements denote the reconstructed distribution of the liver cancer. As seen in Fig. 2 , we find that the reconstructed elements resolve the location of the inoculated HCC-LM3-fLuc-GFP cells well, while maintaining good consistency with the dissected result of the BLI. The results of this experiment illustrate that the CSDE-based reconstruction method has great clinical applicability and potential for the detection of in situ liver cancer.
In summary, the CSDE-based reconstruction method is presented for FMT of liver cancer. The liver cancer simulation demonstrates a level of accuracy comparable to the SP 3based reconstruction method but an improved accuracy compared with the DE-based method. Moreover, the CSDE-based reconstruction method takes less time than the SP 3 -based method for constructing the system matrix. 10 The applicability of the CSDE-based reconstruction is also demonstrated with an in vivo liver-cancer-based experiment, which shows its great potential for the detection of in situ liver cancer. A generalized Delta-Eddington phase function deduced by Cong et al. 14 can also accurately model the light propagation in tissues over a wide range of optical properties and be less time consuming than the SP N . Thus, we may try to couple the generalized Delta-Eddington phase function with the DE in the next step. Our future work will focus on its applications in a longitudinal and quantitative manner for monitoring the development of in situ liver cancer as well as response to drug therapy.
